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QJ . 1. Introduction 



The top quark has been discovered at the proton- antiproton collider Tevatron in 1995 by two collaborations 
CDlSand DfM This discovery was a triumph of the Standard Model (SM) since the top quark was found in the 
mass interval predicted before from a detail comparison of LEP measurements and SM computations obtained 
at quantum loop level of accuracy^. More than 10 years later, the top quark was found in so-called single top 
production process which according to SM has a cross secti on o nly 2.5 times smaller than pair production. 
The direct single top observation by the Tevatron experiments^^ was one more important confirmation of our 
understanding of SM as a quantum gauge field theory describing the Nature at extremely small distances of the 
order of 10 -17 cm. Why single top is specially interesting, why it took so long to discover it at the Tevatron, 
how it was discovered at Tevatron and rediscovered at the LHC? What may tell us the study of the single top 
about possible physics beyond the Standard Model? This review is aimed to answer these questions in some 
details. 

In SM the top quark is the spin-^ fermion with the electric charge Q\ m = | | e |, the weak isospin partner 
of the b quark, and a color triplet. Top quark is needed in SM to ensure a cancellation of chiral anomaljE] and 
therefore to ensure a consistency of SM as a quantum theory. All the couplings and charges of the top quark 
are predicted in SM to be exactly the same as for other two up-type quarks, u-quark and c-quark. A natural 
question one may ask is why then the top quark is special and interesting. 

The difference with the other quarks comes from two experimental facts, namely, a very large top quark mass 
comparing to masses of all other quarks and very small mixing to quarks of the first and second generations. 
The measured value of the top quark mass is known now with a precision better than 1% Mt op — 173.3 ± 
0.6(stat) ± 0.9(syst) Ge\^l being the most precisely known quark mass. 

The top quark is the heaviest elementary particle found so far with a mass slightly less than the mass of the 
gold nucleus. In various respects the top quark is a very unique object. Top Yukawa coupling At = 2 3 ^G 1 J 2 m t is 
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Tor the cancellation of the anomaly in each generation the sum of electric charges of leptons should be equal with the opposite 
sign to the sum quark charges: (Qtop + Qb) x N c + Q i tau = 



1 
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very close to unit. The quark mixing in SM is encoded in matrix elements of the Cabibbo-Kobayashi-Maskawa 
matrix. The matrix element Vj& is close to one while the elements Vt s and Vtd are significantly smaller than 
one. These two experimental facts, large mass ans small mixing, lead to the conclusion that in SM the top 
quark decays to W-boson and b-quark with a probability close to 100 %. The width of the top quark being 
calculated in SM at the NLO level-^ is about 1.4 GeV. From one side, the top width is much smaller than its 
mass, and therefore the top quark is a narrow resonance (top decay width is proportional to the third power 
of its mass). From the other side the top width is significantly larger than a typical QCD scale A 200 MeV. 
As a result the top quark life time (r t « 5 x 10~ 25 s) as predicted by SM is much smaller than a typical time 
for formation of QCD bound states (tqcd ~ 1/Aqcd ~ 3 x 10~ 24 s). Therefore, the i-quark decays long before 
it can hadronize and hence top quark containing hadrons do not exist The top quark provides a very clean 
source for fundamental information. 

Since the top quark decays before hadronization its spin properties are not spoiled. Therefore the spin 
correlation in top production and decays is an interesting issue of the top quark physics. 

In the single top quark t-channel and s-channel production processes the top quark is produced in SM 
through the left-handed interaction. The production is very similar to the top decay process turned backward 
in time. For the polarized top decay, it is well-known that the charged lepton tends to point along the direction 
of top spin^. In the production process this is the direction of the initial J-quark for the s-channel, and the 
dominant direction of the final d-quark for the i-channel. Therefore, in the top quark rest fra me there is strong 
correlation in the angle of produced lepton with respect to one of the above direction d^^ 

^ = 5< 1 + ™" , »- <■» 

Spin properties in the tW production process are more involved. Here, one can find a kinematic region in which 
top quarks are produced with the polarization vector preferentially close to the direction of the charged lepton or 
the d, s-quark momentum from the associated W decay. In this kinematic region, the direction of the produced 
charged lepton or t he ri , s-quark should be as close as possible to the direction of the initial gluon beam in the 
top quark rest frame^H 

One can also measure several others quantum numbers of the top quark. One can extract the electric charge 
by measuring the process tij where photon radiates off the top. The weak isospin of top would be confirmed 
by looking on the Wtb vertex structure via top decay in pair production and via single top production. The 
confirmation that the top quark is a color triplet follows from precision measurements of the top pair production 
cross section. 

Since the top is so heavy and point-like at the same time one might expect a possible deviations from the SM 
predictions more likely in the top sector. Top quark physics will be a very important part of research programs 
for all future hadron and lepton colliders including studies of top quark properties, various new physics via the 
top quark, and kinematical characteristics of top quark events as significant backgrounds to a number of other 
processes. In particular, the single top production plays a special role here due to its unique properties. Many 
details of theoretical studies and experimental analysis of single top production and decay properties could be 
found in a number of review papers Ref. I12H18I 



2. Computation and modeling of processes with single top quark 

At hadron and lepton colliders top quarks are produced either in pairs or singly. The representative diagrams 
for the single top production at the Tevatron and LHC are shown in Fig. [T] Three mechanisms of the single top 
production are distinguished by the virtuality of the W-boson involved: ^-channel {Q%/ < 0), s-channel 
(Q 2 W > 0), associated tW (Q 2 W = M^). 

The single top quark production at hadron colliders was considered for the first time in Ref. and later 
in Ref. 20-32] The authors of Ref. [29j [32] studied the most complete tree- level set of processes in the SM that 
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Fig. 1. The representative diagrams for the single top production at the Tevatron and LHC colliders 

contribute to the single top quark production. QCD NLO corrections to various single top production processes 
have been calculated in several papers [33rf69l In particular, NLO corrections to kinematic distributions were 
presentee®! The influence of NLO corrections not only to the production but also to the subsequent top quark 
decay has been studied in Ref. 42, 65. Potentially important corrections at the threshold region have been 
resummed up to NNLL accurac y^ l 60 | 68 | Monte-Carlo (MC) analyses of the production processes of the single 
top quark allowing to extract it from main backgrounds were performed in Ref. I32[ 1371 

The NLO cross sections including NNLL soft gluon threshold correction resummation for the main single 
top production processes at hadron colliders are collected in the Table [T] 



Table 1. Theoretical cross sections in pb for the main single top production 
processes at hadron colliders. 





s channel 


t channel 


Wt 


Tevatron 4b (y/s = 1.96 TeV pp) 
LHC 68 5S ^ (ys - 7 TeV pp) 
LHCPS (^5 = 8 TeV pp) 
LH(J33 (75 = 14 TeV pp) 


1.04 ±4% 
4.6 ± 5% 
5.55 ± 4% 
12 ± 6% 


2.26 ± 5% 
64 ± 4% 
87.2±f% 
243 ± 4% 


0.14 ± 20% 
15.6 ±8% 
11.1 ±7% 
75 ± 10% 



The processes of the sing le top-quark production were simulated using MC event generators such as 
ONETOfEQI and TopReXt^U, and MC generators based on more generic packages such as MadGraprPl 
CompHEFES!, PYTHIA^ll, AcerMC^S, MC@NLcESl an d POWHEQ^l. There are several problems associated 
with the correct and precise simulation of the single top quark production processes. Some of these problems 
are listed below. 

• The combination of events corresponding to the diagram in Fig. HJa) allowing for the parton showers 
in the initial state (ISR) and to the diagrams in Figs. [5] (b), (c), and (d) results in double counting. 
Such a double counting takes place in a soft Pt region of produced b-quark originated from the ISR to 
the diagram (a) where gluon splits to bb pair and the diagram (d). One may subtract the first term in 
the gluon splitting part to remove the double counting and this procedure gives the correct production 
cross section. However, the direct application of the subtraction procedure for MC event generation for 
the process results in a negative weight for part of the events. 
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• Matching procedure for matrix elements and parton showers should be included into event generation. 
The modern standards require LHEF format for generated events to be useful in experimental analyses. 

• As emphasized in RefPEI] the top quark is produced in electroweak processes with significant po- 
larization owing to the (V — A) structure of the Wtb vertex in the SM. As a result, spin correlations 
between the production and the decay of the top quark appear. Therefore, the correct MC generator 
should include these correlations. 

• The single top-quark production processes are sensitive to various new physics contributions^! such 
as anomalous contributions to the Wtb verte J B | 79 | 80 | 81 ] pqjnjq couplings^! and additional scalar 
and vector bosons. In order to study such extensions of the SM, MC generators should include the 
corresponding anomalous contributions in the production as well in the subsequent top quark decay. 

• At the LHC collider, t and i quarks are produced with different cross sections. The corresponding asym- 
metry in the kinematic distributions is useful for reducing the systematic errors in the measurement of 
the top quark parameter Therefore, it is necessary to have the possibility to separate the production 
models for t and i quarks at the level of the MC generator. 

• In case of £VF-associated production channel one should carefully split the electroweak contribution 
from QCD top quark pair productiorP^ESESl. 




(a) (b) (c) (d) 



Fig. 2. The representative NLO diagrams for the t-channel single top production at the Tevatron and LHC colliders 

The mentioned MC event generators try to solve the above problems. However, non of the generators resolve 
all the problems completely. 

In the analysis of the Tevatron data leading to the first observation of the single top production by DO 
and CDF collaborations, an effective NLO approach^] for event generation was used. The method was first 
implemented in the analysis of physics prospects of the CMS experiment and described in Ref. 85} The method 
is realized in the SingleTop MC generator 2 -^ for the analysis in the DO experiment and in the generator based 
on MadGraph/MadEvent package^ in the CDF experiment. This method of simulation helps in modeling of 
t- and tW-channels. Special analysis has shown that for the s-channel one can simply generate LO events with 
NLO k-factor. In this case, all of the kinematic distributions obtained from simulated events are in a complete 
agreement with the same distributions obtained by NLO computations^} The simulation of the t-channel 
process was performed in the five-flavor scheme in which the 2 — >■ 2 diagram Fig. EJa) with the b-quark in the 
initial state is the leading order contribution. Diagram [2{b) represents one of the loop NLO contribution while 
diagrams[2][c) and[2]Jd) represent tree NLO contributions. One should stress that the diagramed) gives the NLO 
Pr(b) spectrum of produced b-quark at high Pr(b) region. One can reproduce low Pt(1>) region by switching on 
ISR corrections to the diagram [UJa). All loop and radiation corrections (diagrams HJb) and [He)) do not change 
high Prib) spectrum since they are not involved produced b-quark. They affect a renormalization of very 
soft Pr(^) region and therefore can be included numerically by a proper normalization. Such a normalization is 
performed by summing up hard Pr(b) region as it follows from exact tree NLO computation and soft Pr(b) region 
multiplying it by some coefficient. This coefficient and phase space slicing parameter in Prib) which separates 
hard and soft regions are determined from two requirements, the first is that the sum of two contributions 
should be equal to the total NLO cross section and the second is that the Pr(b) distribution should be smooth. 
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In this way, one can combine generated events in the soft and hard regions to one event sample with correct 
NLO rate and all smooth distributions without negative weights (see examples of such distributions in Fig. [3]). 





Fig. 3. Distributions after the combination of 2 — > 2 events for the pp — > tq + b/si; (ISR is simulated by the PYTHIA generator) 
and 2 — > 3 events of pp — > tq + b^o (calculated using the CompHEP package) processes at the LHC collider with the matching 
parameter P°(b) = 10 GeV. 



In SingleTop generator, the CompHEP^ package is used for complete tree-level computations and NLO 
rate is calculated by means of the MCFM tooffl In this way, all spin correlations between production and 
subsequent top and W boson decays, particle masses and nontrivial decay widths are taken into account. The 
use of CompHEP allows one to generate events for different extensions of the SM such as mentioned above 
anomalous Wtb couplings, FCNC couplings and new scalar or vector resonances. 

Results of a comparison of various kinematic distributions obtained from the events generated with the 
SingleTop and computed by means of NLO codes ZTOFSBand MCFfJ^l are shown in Figs. @] M and demonstrate 
very good agreement. 

The best spin correlation variable cos d\ (eq. [TJ is of a special interest as was mentioned in the introduction, 
because of unique polarization properties of the single top processes. Therefore, it is important to show the 
influence of the NLO corrections to the distribution obtained from the generated events. It is easy to show 
that for the s-channel process the spin projection axis corresponding to the maximum p ola rization is the 
momentum direction of the J-quark from the initial state in the rest frame of the top quarlff^. Owing to the 
correspondence between the decay and production diagrams of the top quark (the diagrams are topologically 
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Fig. 4. Distributions of the final quarks in the transverse momentum and pscudorapidity in the effective NLO approximation 
(simulated by the SingleTop generator) and in the exact NLO approximation (obtained by the ZTOP code) for the Tevatron 
collider. 

equivalent), the best probe for the top quark spin is its decay-product leptorPl Thus, the best variable to 
observe spin correlations in the s-channel process is the cosine of the angle between the momenta of the initial 
d-quark and the lepton in the rest frame of the top quark. Spin correlations can be numerically characterized 
by the coefficient i? S pin of cos 9* + t in the normalized distribution 

1 da _ 1 + Rs P in(s) cos 9* e+ i 
a d cos 9* + j 2 

Then, R sp i n (pd) = 1 (or 100%) for the s-channel process. Since the NLO approximation is manifested only in 
the if -factor in this process, we do not expect any significant reduction of i? S pin owing to the inclusion of NLO 
corrections. The diagram of the t-channel process in the LO approximation is also topologically equivalent to 
the decay diagrams of the s-channel process. Thus, the top quark is polarized, and the axis of the maximum 
polarization is the momentum of the final light quark in the rest frame of the top quark. The dotted histogram 
in Fig. [6] corresponds to LO events. The first-order polynomial fit to the distribution gives i? S pin(p<i)LO = 
0.98 ± 0.02, which indicates the maximum polarization of the top quark in the LO approximation. In the NLO 
approximation, a significant contribution comes from the real correction with the additional b-quark. In this 
process, the top quark can be produced in the QCD vector interaction vertex with the gluon, which reduces 
the polarization of the top quark. However, this reduction is not strong because the main contribution to 
the pp — > tqb process comes from the diagram with the Wtb production vertex of the top quark. The solid 
histogram in Fig. [6] shows the distribution of the NLO events in cos 8* + d The straight-line fit of the distribution 

gives i? S pin(pd)NLO = 0.89 ± 0.02, which indicates the reduction of the polarization value^l 

The iVF-process requires special consideration. The LO diagrams are shown on the Fig.[7]Ja,b). The diagrams 
(c,d) are the representative diagrams for NLO loop and tree corrections involving gluons and light quarks. 
Diagram (e) is one of the tree NLO contribution with additional b-quark produced, similar to the diagram in 
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Fig. 5. Distributions of the transverse momentum and pseudorapidity for the lepton and neutrino from the decay of the top quark 
in the effective NLO approximation (simulated by the SingleTop generator) and in the exact NLO approximation (calculated by 
the MCFM code) for the Tevatron collider. 



nlo/lo: cos(P^,P q ) in the top quark rest frame 




i 

-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1 

cos(9 M ), (bin = 0.08) 



Fig. 6. Distribution in the cosine of the angle between the momenta of the light quark and lepton from the decay of the top quark 
in its rest frame. This variable is the best to observe spin correlations in the t-channel process. The solid and dotted histograms 
correspond to the NLO and LO events, respectively. 
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Fig. 7. The representative LO and NLO diagrams for the tW— channel single top production at the Tevatron and LHC colliders 

Fig.[3£d) for the t-channel process. Diagrams 07) and[7£g) contain the top pair contribution with a subsequent 
decay of the second top to W and b. There are many other subleading diagrams mentioned in Ref. 1831 making 
the result exactly electroweak gauge invariant. The problem of double counting of contributions of diagrams 
(a,b) and (e) is very similar to that discussed here for t-channel case and is resolved in the same manner by 
slicing phase space on hard and soft Pr{b) regions. However, in tW case there is another problem of how to split 
single top and top pair contributions leading to the same final states. In order to do that, several methods have 
been proposed. In the papeJ^I, the top pair part was removed by subtraction top pairs on shell. This procedure 
called the diagram sub trac tion scheme is obviously gauge invariant and later was realised on the generator 
level in MC@NLO code 1121 . The procedure includes all the interferences of single and top pair contributions 
into the single top part leading, however, to negative weights for some fraction of generated events. In another 
scheme called the diagram removal scheme also implemented in MC@NLO, diagrams Fig. [7ff,g) are removed 
from the complete set of the diagrams. In this approach, all the interferences between single and top pair are 
removed leading, however, to a small violation of the electroweak gauge invariance. In the papeJ^, the phase 
space removal scheme was used in which the part of events with the Wb invariant mass around the top quark 
pole was removed. In this way all the interferences are removed, however, there is an ambiguity in the size of 
the removal Wb invariant mass region. In the paper^, an approach with veto on the -Pr(fr) larger than some 
P™ to (6) separation parameter was used. In this approach, some small part of top pair contribution might still 
belong to single top part and also there is some ambiguity in choosing of the separation parameter. However, in 
practice the veto is realisable only in some part of the phase space region where the b-quark could be observed 
as a b-jet. 

Spin correlations in tW-chaimel requires special consideration. The leading order Feynman diagrams for this 
process include two diagrams: in Fig. Eta), the top quark is produced in the QCD interaction vertex, and in 
another one Fig. [7Jb) it is produced in the electroweak interaction vertex. Both contributions are comparable 
in rate. The first diagram leads to unpolarized top quark production while from the second diagram the top 
is produced highly polarized. If the top quark would be produced only from electroweak diagram Fig. EJb), its 
spin direction in the rest frame would fully correlated with a direction of charged lepton momentum coming 
from the W boson decay. However, this property is spoiled by the contribution of the first diagram Fig. [Tf a) . 
As was shown i rP, one can apply some kinematic cuts in order to suppress the contribution of the diagram 
Fig. [T^a) making the spin correlation property more pronounced. In this region, the outgoing charged lepton 
should be as close as possible to the direction of one of the initial beam in the top quark rest frame. It was 
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shown that one can increase the polarization of the top quark from the initial 24 (without any cuts) to 80 - 
90% applying some reasonable cuts. 

3. Single top observation at the Tevatron 

Two years before the top quark was discovered, DO collaboration had organized single top research group to 
perform a search for the single electroweak top quark production. The cross section of the single top processes is 
only about two times smaller than the top pair production, but the number of final jets is smaller and therefore 
the backgrounds are significantly higher. During the Run I data taking, DO detector did not have vertex detector 
and could not identify b-quarks with high efficiency (CDF detector had the part). Since the top quark decays 
almost 100% with production of b-quark, this feature of the detector is very important in top physics. The 
small ratio of signal to backgrounds and lack of the vertex detector were the main reasons to find sophisticated 
methods to increase signal to background ratio and achieve sensible result. It was a powerful stimulation for the 
analyzers to implement and develop multivariate analysis techniques. The main strategy in DO analysis was to 
apply loose initial selection to keep the signal statistics and apply multivariate analysis technique to distinguish 
the signal events. CDF strategy included rather tight initial selection to cut the contribution of pair production 
by the cuts on number of jets (only two jet events) and number of 6-quarks (only one 6-quark in event). Due to 
the complexity of the analysis and lack of experimental statistics the first resultJ^ were published in about 7 
years after top quark was discovered. The available statistics in Run I analysis did not allow to observe the single 
top processes and both collaborations set upper limits on the production cross section. Because of multivariate 
technique in the analysis, DO collaboration succeeded in achieving the same sensitivity as CDF collaboration 
with the use of vertex detector. Both the collaborations set 95% C.L. upper limits on the production cross 
section for s-channel process 17 pb is the DO results and 18 pb is the CDF result; for the t-channel process 13 
pb is the CDF result and 22 pb is the DO result. 

During the second run of the Tevatron (Run II), the luminosity has increased significantly and collaborations 
upgraded their detectors. The first evidence of the single top quark production was reported by DO collaboration 
in December of 2006 and later by CDF collaboration 221 , with the first measurement of the production cross 
section and the first direct measurement of the Vtb CKM matrix element. After the luminosity has reached 2-3 
fb^ 1 both of the collaborations reported 5er observation of the single top productioiffl Based on the full Run 
II statistics, both collaborations are able to distinguish s— and t-channel processes and measure their cross 
sections separately. This measurement significantly increases the sensitivity for the possible BSM contribution. 
The current results of the SM measurements in DfP^with integrated luminosity of 5.4 are the <r{pp — > tb + 
X, tqb + X) = 3.43 ±^74 pb the corresponding measurement of the CKM matrix element is 0.79 < \V t b\ < 1 at 
the 95% C.L. The separate measurements of s— and t-channel are the following <r(pp — > tb + X) = 0.68 ±§-35 pb 



and cr(pp — » tqb + X) — 2.86 ±Q g§ pb. The current results of the SM measurements in CDF^ with integrated 
luminosity of 3.2 and 5cr statistical significance are a{pp — > tb + X, tqb + X) = 2.3±Q;f(stat+sys) pb, the 
measured CKM matrix element value \ Vtb\ = 0.91 ±[j'ii (stat + sys) ± 0.07(theory) with a lower 95% C.L. limit 
0.71 < \Vtb\. 

4. Single top evidence and observation at the LHC 

The relative contribution of different single top production channels significantly differs for LHC than at the 
Tevatron. All the processes with initial gluon are significantly larger than the contribution of the processes 
with initial quarks. Therefore, the main mechanisms of single top production at the LHC are t- and tW- 
channels, but the s-channel cross section is significantly lower (Table [I}. High luminosity and relatively high 
cross section result in possible very high statistics of single top events at the LHC and the main limitation 
for the measurements is the systematic uncertainty. During the first round of analysis at y/s = 7 TeV, CMS 
and ATLAS collaborations measured cross section of the t— and tW— channel processes and set the first upper 
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limits for s-channel production cross section. CMS collaboration reported^ the first evidence of f-channel single 
top production at the LHC and measure the cross section 83.6 ± 29.8(stat. + syst.) ± 3.3 (lumi.) pb with 3.5cr 
significance at 36 pb -1 of integrated luminosity and 95% C.L. limit for CKM matrix element 0.68 < \Vtb\. 
This result was improved with the higher statistics^. 70.2 ± 5.2(stat.) ± 10.4(syst.) ± 3.4 (lumi.) pb. CMS 
collaboration made the first measurement of the iVF-channcl cross sectiorPk^VF) = 16 ±4 (stat. + syst.) with 
4cr of the observed significance with 4.9 fb^ 1 of integrated luminosity. The ATLAS collaboration has reported^! 
observation of i-channel single top production with cross section 90 ± 9(stat.) zb^J (syst.) pb at 7.6a significance 
with 0.7 fb _1 of integrated luminosity. The first evidence of tpy-channel production (at 2.05 fb _1 ) has reported 
by ATLAS^with 3.3a significance and measured cross section a(tW) = 16.8±2.9(stat)±4.9(syst) pb, translated 
to measurement of \Vtb\ = l-03lg \g. ATLAS has set the first LHC s— channel limits^ a(s — channel) < 26p6. 
Both of the collaborations have started the searches for the "New Physics" effects in single top production. 



5. Single top at future linear colliders 

For completeness we discuss in this section single top quark production at future lepton colliders. In e + e _ colli- 
sions, the top quarks can be produced in pairs or singly similarly to hadronic collisions. However, an important 
difference is that at lepton collider both pair and single production processes have the same electroweak origin 
while at hadron colliders the top quark pair is a strong production process. Due to the fact of the electroweak 
nature, both processes may simultaneously give contributions to the same final states. Therefore, a special care 
should be paid to split these two contributions correctly. 

To illustrate this, let us consider for simplicity the case when one of the top remains stable. In this case, the 
contributing diagrams for both pair and single top quark production in e + e _ collisions are shown in Figs. [5] and |H] 
for ev e bt final statJ^. The diagrams form so-called CC 2cP^ set of diagrams which splits into two gauge invariant 
subsets of 10 diagrams, s-channel and t-channel (see^Ql The s-channel subset contains only two diagrams 
(diagrams 1,2 in Fig. [5]) with top pair production and subsequent decay. All other diagrams in s-channel and 
t-channel subsets contribute to the single top production. The other possible final states correspond to the top 
pair production and follow from possible decay modes of VF-boson e + e~ —ttt—t WWbb, W —> ff', 
where e.g. for W + f = u,c, i/ e , v^, v r v^ f = d, s, e, \i, r 



diagr.1,2 diagr.3,4 diagr.5,6 diagr.7,8 diagr.9 diagr.10 

Fig. 8. Diagrams for s-channel top quark production in e + e - collisions 




1,Z\ 



diagr.3,4 

Fig. 9. 



7, Ztv+^. 




diagr.5,6 diagr.7,8 diagr.9 diagr.10 

Diagrams for t-channel top quark production in e + e - collisions 



One can compute the single top cross section as the difference of the complete tree-level (CTL) contribution 
and the Breit-Wigner (BW) resonance contribution obtained from a proper fit of the invariant mass distribution 
computed from the gauge invariant complete set of tree-level diagrams: J dM ev b (do /dM w \, — da BW jdM ev ^). 
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One can also use a cut on the evb invariant mass around the top quark 

Pol*™ 

as an equivalent of the BW 

subtraction procedure 

m to p-A M max 

da CTL f da CTL 

dMeub J dM evb 

M min m top + A 

where the value of A is taken to be 20 GeV. With such a value cross sections in both ways of computation 
agree very well. This value of A is much larger than an intuitively expected one of the order of the top quark 
width, which would lead to large contributions of surviving tt events. Obviously, the procedure applied is gauge 
invariant. 

In case of 77 collisions there are no nontrivial gauge invariant subsets Fig. [IQ] Ref ill A situation is similar 
to single top at the LHC in Wt mode. The top pair and single top contributions could be separated in a gauge 
invariant way as above. 



b] b >'M 



T+ 



T— -f> I' 



diagr.6 



Eb b ^'W~ 

7—7 " 
W~ 
t 7 



- L —b 



7---T--- _ 7 ^""^C ' v ' 

Cb W+W+ *fb W+ * ^* T'' W+ j^b 



Fig. 10. Diagrams for the top quark production in 77 collisions 



In 7e collisions the top quarks could be produced only singly Fig. II H the corresponding diagrams are shown 
in the following figure. This is one of so called "gold plated" processes in je collision mode of ILC. 




diagr.l diagr.2 diagr.3 diagr.4 

Fig. 11. Diagrams for the top quark production in je collisions 



Table [2] shows single top production cross sections in various collision modes for unpolarized and polarized 
beams expected at a linear collideJ^. 

One can see from the Table 1 that both t-channel and s-channel parts contribute to the single top production 
rate. However the t-channel contribution grows with energy and dominates for very high energies. The NLO QCD 
corrections to the single top quark production in an effective W"f approximation (EWA) have been computed 
in Ref 11011 in the case of 7e and in Ref. 11021 for the case of e + e~ collisions showing the corrections are of the 
order of 10%. 

Cross sections of various processes in different collision modes at a linear collider are collected in Fig.[T2l^^^. 
One can stress the single top quark production in "/e collisions is smaller than the top-pair rate in e + e~ only 
by a factor of 1/8 at 500-800 GeV energies, and it becomes the dominant LC process for the top production 
at a multi-TeV LC like CLIO The \Vtb\ matrix element can be measured at a LC, especially in 7e collisions, 
significantly more accurate compared to the LHC. 

Similar to single top production in tW more at hadron colliders there is interesting spin correlation between 
top production and decay in collisions. Here the directions of the initial photon and the electrons play the 
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Table 2. Top quark production by e+, e — and 7 beams with various polarizations. 
The single top quark production cross sections (with mtop =175 GeV) arc given for the 
channels e~e+,77 — > e~9 e tb, e~e~ — ¥ e~v e ib and -ye~ — > v e tb at yfs =0.5 and 1.0 TeV. 



beams 


No. of 


polarization 


tt 


^single topi ^ 


^single topi *b 




diagrams 


and subset 


production 


v/i =0.5 TeV 


y/s =1 TeV 


e~e+ 


20 


unpol 


yes 


3.1 


6.7 




10 


unpol,s-ch. 


yes 


2.3 


2.3 




10 


unpol, t-ch. 


no 


0.8 


4.4 




20 


LR 


yes 


10.0 


16.9 




11 


RL 


yes 


1.7 


1.0 




9 


RR 


no 


1.0 


8.1 




2 


LL 


no 








20 


unpol 


no 


1.7 


9.1 




20 


LL 


no 


2.6 


19.1 




11 


LR 


no 


2.1 


14.0 




11 


RL 


no 


2.1 


14.0 




4 


RR 


no 


0.02 


0.96 


7e~ 


4 


unpol 


no 


30.3 


67.6 




4 


-L 


no 


38.9 


121.3 




4 


+L 


no 


94.3 


174.7 


77 


21 


unpol 


yes 


9.2 


18.8 




21 


(++) 


yes 


11.1 


19.2 




21 


(" ") 


yes 


7.9 


15.7 




21 


(+-) or (-+) 


yes 


8.5 


19.2 




0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2 3 4 5 

Vs (TeV) 

Fig. 12. Cross sections for the top quark production in various processes as a function of linear collider energies 
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role of the gluon and lepton direction in the tW process at a hadron collider. The directions of 7 and electron 
beams are close to the top-quark rest frame since the top is moving slowly here. So one would expect that the 
top quark is strongly polarized in the direction of the initial electron beam. Indeed, the angular distribution for 
the angle between the lepton from the top decay and the initial electron beam shows about 90% correlation El 
(see Fig. [HI). 




Fig. 13. Angular distribution for the angle between the electron beam and muon from the top decay in singlc-antitop-quark 
production at ■ye - 500 GeV collider. 



6. "New Physics" via single top. 

Single top processes having a significant production rate at both the Tevatron and the LHC colliders are 
important backgrounds for various searches beyond the Standard Model (BSM). However, the processes are 
extremely interesting for different types of possible manifestations of "New Physics" . In general, two main 
situations are possible depending on relations between characteristic collision energy and thresholds of possible 
new states. If the collision energy is smaller than the production threshold -^collisions < ^threshold new states 
can not be produced directly and "New Physics" may manifest as deviations in production cross sections and 
kinematic distributions due to possible anomalous couplings or the interference of new resonances with the SM 
contribution below thresholds. In case of single top, the anomalous couplings could be anomalous Wtb and/or 
FCNC couplings. If the collision energy is greater than the production threshold -^collisions > E t hreshoid new 
states can be produced directly in the production or in the decay of the top quark. Such states could be an 
additional vector (W) or scalar (H + ) bosons predicted in many extensions of SM. 

Generic parametrisation of the anomalous couplings follows from the effective Lagrangi an appr oacli^^. 
There are number of dimension 6 effective operators which preserve the SM gauge invarianc c!^^^ and lead 
to modifications of Wtb vertex and appearance of additional FCNC couplings of the top quark with u— and 
c-quarks. 
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The effective Wtb vertex has the following fornix 

c = JLbrv tb (rtP L + f$P R )tw- 



-jf^^^PL + fiPn)tW- + h.c. , (3) 

where Al\y is the mass of the W boson, q is its four-momentum, V t b is the Cabibbo-Kobayashi-Maskawa matrix 
element and Pl = (1 — 7s)/2 (Pr = (1 + 7s)/2) is the left-handed (right-handed) projection operator. The 
anomalous couplings fy , fy , ffi are related to the constants in front of the effective operator in the 
following way: 



R\ — lr<33 



,2 



\fr\ = V2\C, 



2 l ~^ l V r t6 A 2 

2 



:s:i 



|/*| = V2|C^|^ , (4) 
One should mentioned that the couplings C are naturally of the order of unity. Therefore, one may expect the 

2 

natural size of / couplings is of the order of which is about 0.05 or less. The theoretical estimations performed 
in RefsjZH U-06 1 107 1 1 551 have shown the Tevatron and LHC collider potentials showing the natural size of the 
parameters could be achieved. However, the expected limits could not be much better because uncertainties are 
dominated by systematics. Expected b ounds co uld be improved by a factor of 2-^3 at a Linear Collider specially 
if the e7-collision mode will be realisec r One should mentioned that in the single top processes the Wtb 

anomalous couplings contribute to the production, to the subsequent decay of produced top quark and change 
the total width of the top quark correspondingly. The resulting dependence of the signal process on anomalous 
parameters is more complicated than a simple polinom structure. Such a dependence affects spin correlations 
between production and decay and can be exploited in experimental analysis. In the pair top quark produ ction 
processes, anomalous operators are detectable in the W boson helicity fractions in the decay of top quarkJH^. 
The recent and most tight direct limits^) to the anomalous couplin gs in Wtb vertex comes fr om c ombination of 
the measurements in single and pair top quark production processe J^^^i The current limits ar d^^ l: \ fy\ 2 < 0.30, 
\Jt\ 2 < 0.05, \fx\ 2 < 0.12. Assuming the scale A = 1 TeV these limits translate to the corresponding limits on 
anomalous operators to be |C^' 3+3) | < 14.7, |C||| < 18.0, |Cj^| < 2.5, and |C^| < 4.1. 

FCNC top quark anomalous couplings can be probed in their production or in their rear decayJ^l. In 
particular, tug and teg FCNC couplings may affect the single top production rate and it was exploited at the 
Tevatron and the LHC to set the corresponding limits. The gauge invariant effective Lagrangian describing 
these anomalous couplings has the following form 

£fcnc = ^fW 1 " Y tG *» ( 5 ) 

where q — u or c, with u, c and t representing the quark fields; Kt gq defines the strength of the tgu or tgc 
couplings; g s and A a are the strong coupling constant and color matrices; a^ v = i/2(-f^ u — 7„7 M ) and G" are 
the Dirac tensor and the gauge field tensor of the gluon. From the above effective Lagrangian one easily obtains 



b Indirect limits on the anomalous Wtb couplings follow from measurements of the b — > s-/ decayiD2] however, the limits are 
obtained with the assumption that there are no other BSM contribution in the loop. 
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the partial rare decay widths t — > qg: 

T(t^qg) = 



1L± 

X 



-a s mf 



(G) 



The partial width is directly proportional to the ratio y^rj 7 therefore various authors and collaborations 
present limits either in terms of the constants k or in term s of corresponding branching ratio. The represen- 
tative diagrams contributing to various processeJUSIIIlIlll f single top production due to presence of FCNC 
interactions are shown in Fig. [14] The model independent analysis based on the signal diagrams in Fig. [14] 



t 




'TTOTTOircO- 



t 



qq — > tc 



cq — > tq 



99 -> tc 




eg ->• tg 



Fig. 14. The representative leading order Feynman diagrams for FCNC gluon coupling between a charm quark and a top quark 
(for a u-quark the diagrams are the same). 



corresponds to the case when extra hard jet is detected in association with the top quark. The most recent 
results on FCNC anomalous coupling limits in terms of both couplings and branchings are presented in Tabled] 
The accumulated luminosities for each of the analysis are listed explicitly in the table. From the table one can 
see that the current LHC limits at 7 TeV obtained by the ATLAS collaboration are already significantly tighter 
than the Tevatron limits by DO and CDF experiments with almost the same luminosity. One should stress the 
best current limits are far above very small SM value for the decay branching ratio Br SM (t eg) « 5 x 10 -11 , 
however, being in the interesting range for some extensions of the 



Table 3. Observed 95% C.L. upper limits on anomalous FCNC couplings and corresponding branching ratios. 



Parameter 


DO (1.96 TeV, 2.3 ib" 1 }^ 


CDF (1.96 TeV, 2.2 fb-i^HH 


ATLAS (7 TeV, 2.05 fb-i^HZl 




0.013 TeV -1 




6.9 x lO-* TeV -1 




0.057 TeV- 1 




1.6 x 10~ 2 TeV" 1 


Br(t — > ug) 


2.0 x 10~ 4 


3.9 x 10~ 4 


5.7 x 10~ b 


Br(t -> eg) 


3.9 x 10" 3 


5.7 x lO -3 


2.7 x 10" 4 



As was mentioned, if the achievable characteristic collision energy -E co iiisions is grater than a production 
threshold of possible new particles ^threshold one ma y detect these particles directly. In our case of single 
top production, such particles could be either newly charged vector or scalar bosons produced as s— channel 
resonances decaying to the top quark. We consider only single top production processes and, therefore, we refer 
only to W and charged scalar decaying to top and bottom quarks and do not discuss the processes with leptonic 



16 E. Boos, L. Dudko 



decays of W where t he ob served lim its are m uch stronger in some cases. Such m odels like Non-Commuting 
Extended Technicolor EH, CompositeE3II3 

and Little higgs models of composite g auge 

bosons^4l, Supersymmetric top-flavo r modela^^, Grand Unification^^ Superstring theorieil2Zll2HIl29f and 
Left-Right symmetric represent exam ples wher e extension of gauge group lead to appearing of 

W . W appears also in the Universal extra-dimensior|SZII3Hl type of models. Charged scalar (pseudo-scalar) 
bosons naturally present in many SM extensions as well, in particular, in two-Higgs-doublet models (2HDMs) 
of various types two charged Higgs bosons appear. 

In searches for these new bosons in a model independent way, the effective Lagrangian approach is used. 
Corresponding effective Lagrangians have the following forms[7]and [8]neglecting higher-dimensional structures. 

where a R q .,a qiqj - left and right couplings of W to quarks, g w — e/(s w ) is the SM weak coupling constant and 
V qiqj is the SM CKM matrix element. The notations are taken such that for so-called SM-like W o,g. q . = 1 and 



r _ 9wVq tqj i 

27T Qi 



7 5 \ , iiA + 7 E 



9l \ )+g% 



9i (8) 



Since there are no charge scalars in SM the couplings g^, g 1 ^ are obviously equal to zero in SM. 

For the W searches the limits on W 1 mass depend on both left and right couplings a L , a R and for the case 
of right-handed interaction of W on a relation between the W mass and the mass of possible right-handed 
neutrino z/r. If the decay of W to right-handed neutrino is kincmatically allowed the branching ratio of W 
decay to top and bottom quarks is smaller and corresponding mass limits are expected t o be worse. The NLO 
corrections to the s— channel W' production with s ubse quent decay were computed in 

RefPS 

and an influence 

of W'-W SM interference was demonstrated in Ref.EH. I n case the W is a first KK state in mo dels w ith extra 
deminsions, an additional interference with rest of KK tower should be taken into account 

RefP3Q]. The 95% 

C.L. limits obtained by the Tevatron at yfs — 1.96 TeV and the LHC collaborations at y/s = 7 TeV are collected 
in the Table|4]for the cases where the couplings a L , a R are equal to 1, (Left), 0, 1 (Right) and 1, 1 (Left, Right). 
One can see the ATLAS limit with about two times smaller statistics is already better than the Tevatron limits. 



Table 4. Observed 95% C.L. limits on the lowest bound of the mass of W' boson. 



Scenario 


DO (2.3 fb- 1 ) 142 


CDF (1.9 fb" 1 ) 143 


CMS (5 fb- 1 ) 144 


ATLAS (1.04 fb- 1 ) 145 


M w , (Left) 


863 GeV 








M w > (Right), M w , > M VR 


885 GeV 


800 GeV 


1.85 TeV 




M M , (Right), M w , <M VR 


890 GeV 


825 GeV 




1.13 TeV 


M w t (Left, Right), M w , > M VR 


916 GeV 









The available experimental limi ts fo r the charged scalar Higgs particle decaying to top and bottom quarks 
are published by DO collaboratioiJHSl The mass limits are given in the mass range grater than 180 GeV 
(Mjj+ > Mtop + Mb) since lower mass range is covered with better precision from the top pair production with 
the top decay to the charged Higgs and b-quark. The limits strongly depend on the ratio of two Higgs vacuum 
expectation values tan/3 and the type of 2HDMs (Type I, Type II and Type III). 

7. Conclusions and outlook 

The top quark, being the heaviest elementary particle discovered so far, has been observed in pair first and later 
in single production mode. Single top quark registration at the Tevatron and then at the LHC is an important 
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confirmation of the structure of the electroweak part of the Standard Model. Measured production cross sections 
in combination of t— and s— channel modes at the Tevatron and in the t— channel only at the Tevatron and the 
LHC are in a good agreement with the SM computations at NLO level including part of NNLO corrections. 
tW— channel is very small to be measured at the Tevatron while it was measured for the first time at the LHC. 
Within rather large experimental uncertainties the results for the tW— channel are in an agreement with SM 
as well. The s— channel cross section at the LHC is much smaller than the t— channel making an observation of 
this channel at the LHC very challenging especially because the t— channel gives a huge irreducible background 
to the s— channel in a kinematic range where an additional light jet is undetectable. However, one expects the 
detection of the s— channel with increased analyzed statistic. Having small rates, these processes are interesting 
to search for deviations from the SM predictions. 

The performed studies of the single top production allowed to measure directly for the first time the CKM 
mixing matrix parameter \Vtb\- Published results are in agreement with expected unity, however, still at about 
20% level of accuracy. 

The top is very heavy and as the result is very special fermion in SM. The single top production is a power 
tool to search for delicate deviations from the SM. No such deviations have been observed yet and limits on 
the anomalous Wib and FCNC top quark couplings as well as on parameters of new vector and scalar bosons 
decaying to top quark were extracted. The mass limits for new resonances are expected to be much higher (in 
few TeV range) with increasing LHC energy. While the limits on anomalous couplings will be dominated by 
systematic uncertainties and therefore might be improved by a factor of two or so. Much tighter limits at a 
percentage level of accuracy could be achieved at a future Linear Collider. 
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